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VISUALIZATION OF THE LIVING CYTOSKELETON BY VIDEO-ENHANCED MICROSCOPY AND DIGITAL IMAGE PROCESSING D I E T E R G . W E IS S
Institut fü r Zoologie, Technische Universität München, 8046 Garching, Federal Republic o f Germany * and Marine Biological Laboratory, Woods Hole, MA 02543, USA SUMMARY Tw o steps led to our present-day view of the cytoskeleton as a highly dynamic structure that is actively involved in force generation for various kinds of cell motility and, as a result, is itself often actively moving.
The first step was the introduction of video microscopy, especially of the Allen Video Enhanced Contrast-Differential Interference Contrast Microscopy (AVEC-DIC), which allows the visualiza tion of cellular structures in the light microscope that are up to 10 times smaller than the limit of resolution. This enables one to see images of unfixed, unstained, native or purified microtubules and actin bundles, and their interaction with membrane-bound organelles.
The second step was the discovery of a system exceptionally well-suited to study microtubule and organelle movements, namely, the extruded axoplasm of the squid giant axon. From this axon the cytoplasm can be extruded free from surrounding plasma membrane, and individual microtubules and organelles can be separated from the bulk axoplasm.
The study of these native microtubules by AVEC-DIC microscopy yielded a great number of. quite unexpected details of the dynamic behaviour of both the microtubules themselves and the motility associated with them.
INTRODUCTION: a TRIBUTE TO ROBERT D. ALLEN
The visualization of the 'living', i.e. unfixed, unstained, native, cytoskeleton is a topic whose progress has changed our image of the cytoskeleton from a more-or-less static and rigid framework to a dynamic matrix that is actively involved in the various kinds of intracellular and cellular motility. Furthermore, it has now been shown in several instances that some cytoskeletal filaments can themselves move actively (Traviseia/. 1983; Allen et al. 1983 Allen et al. , 1985a Allen & Weiss, 1985; Vale et al. 19856) . This progress has been made possible by the rapid development of very powerful techniques in light microscopy, one of which (Allen Video Enhanced ContrastDifferential Interference Contrast (AVEC-DIC) microscopy) was developed by Robert D. Allen (Allen et al. 1981a,b; Allen & Allen, 1983; Allen, 1985) . Our knowledge in the field of microtubule-based motility was dramatically advanced during the last four years when R. D. Allen and his collaborators applied this new The simple act of just adding a video camera and a monitor to a microscope may result in increased image contrast and brightness (Parpart, 1951) , which may reveal more image detail than might be seen by just looking into the microscope. However, modern video microscopy uses specialized cameras and digital image processing systems to optimize image quality in three basic ways.
(1) Video-intensified microscopy (VIM) amplifies light-limited images so that very weak fluorescence and luminescence can be visualized (Reynolds et al. 1963; Willingham & Pastan, 1978; Reynolds & Taylor, 1980; Amato & Taylor, 1986) . This technique has been used repeatedly to study cytoskeletal elements and their dynamic properties (Hayden et al. 1983; Yanagida et al. 1984; Amato & Taylor, 1986; Higashi-Fujime, 1986; Sanger et al. 1986 , this volume; see also chapters in: Taylor et al. 1986) .
(2) Video-enhanced microscopy allows one, by enhancing contrast, to resolve or at least to visualize objects both above and below the limit of resolution that, because of their limited contrast, could not otherwise be detected before. Video-enhanced contrast (VEC) microscopy was developed in the laboratories of S. Inoue (Inoue, 1981 (Inoue, , 1986 Ellis et al. 1986 ) and of R. D. Allen (Allen et al. 1981a,fc; Allen & Allen, 1983; Allen, 1985 Allen, , 1986 . Allen et al. (1981a,b) noted that analogue enhancement permitted the introduction of additional bias retardation, which, after offset adjust ment, permitted much better visualization of minute objects by polarized light methods. This technique (AVEC microscopy) has been applied most successfully to the visualization of microtubules and microtubule-based cell motility in vitro (in motile cell extracts) and even in the intact living cell (Allen et al. 1982 (Allen et al. , 1983 (Allen et al. , 1985a Allen & Weiss, 1985; Weiss, 1985; Vale e ta l. 1985a,b) .
(3) Digital image processing is easily used once microscopic images have been picked up by a video camera and are converted to a digital signal. Image processors of all kinds can now be used to reduce noise in the image by filtering or averaging (for VIM and VEC microscopy), to further enhance contrast digitally (for VEC microscopy), or to perform measurements in the images (e.g. intensity, size, speed, or form of objects). Only since procedures for noise reduction and contrast enhance ment in real time, i.e. in video frequency, have become available has the microscopist been able to generate optimized pictures while working with the microscope.
The typical steps required for obtaining optimal images with AVEC-DIC mi croscopy are summarized in Table 1 . The first image processor designed especially for microscopy and permitting all the steps mentioned was built by Hamamatsu Photonics in 1983 in close collaboration with R. D. Allen. Subsequently, several other systems have become available, few of which, however, enable all steps to be performed in real time.
When the specimen is in focus, the microscope is adjusted for Kohler illumination, but in contrast to visual observation, the condenser iris diaphragm should be opened fully for video microscopy to maximize the practical resolution (Table 1) . In polarizing methods, the inherent loss of visual contrast that occurs at full aperture is later regained electronically. The optimal compensator setting for visual inspection is close to extinction, i.e. 1/50 to l/lOOA. For video-enhanced microscopy the contrast is theoretically maximal at 1/4A. Owing to the enormous background brightness at this setting, Allen recommended, as a good compromise, the compensator setting of 1/9A (Allen & Allen, 1981a,6; Allen & Allen, 1983) . In order to achieve this adjustment, Allen recommended the use of a de Senarmont compensator (Allen et al. 1981a) , while in its absence the retardation can only be estimated.
This analogue enhancement not only improves the contrast of the specimen but also emphasizes dust particles, uneven illumination and optical imperfections. These artifacts, called 'mottle', are superimposed on the image of the specimen. Therefore, digital computers are used to filter these artifacts from the image. These steps, mottle subtraction and digital enhancement (Table 1) , can be seen in Fig. 1 . The final magnification on the video screen that should be achieved in order to make optimal use of this technique is between X5000 and X20 000. This requires optical magnification of X2000 to X5000, which can usually be achieved only by the use of additional magnification changers and/or a zoom ocular. T o reach satisfactory illumination at such high magnifications requires, according to our experience, a mercury arc lamp, usually the HBO 50W or a similar type. An excellent source for practical, technical and theoretical details related to most aspects of video microscopy is the recent book by Inoue (1986) . It should be emphasized that A V E C -D IC images contain some of the information in a coded way and, therefore, have to be interpreted similarly to electron-microscope (EM ) images. Fig. 2 shows that, unlike EM images, which give true resolution of the objects depicted, the apparent sizes of objects seen in A V E C -D IC may not necessarily reflect their real size. In A V E C -D IC one has to note that objects smaller than the limit of resolution, which is in the range of 200-300 nm depending on the optics and the wavelength of light used, are inflated by diffraction to about this size (Fig. 2, centre) . Also, the orientation of birefringent microtubules may affect their apparent thickness to some degree (Fig. 2, centre) . While the size of the image does Table 1 . B. Subtraction of the mottle by the image processor (step 5) yields an evenly illuminated, clean image free of shading. C. Digital enhancement is used to stretch the grey levels contained in image B over the whole range from white to black. Field width, 25 (im. Reproduced with permission from Allen (1985) . not enable one to decide whether one or several objects of a size smaller than the limit of resolution are present, the contrast does sometimes permit one to make this judgment. A pair of microtubules would, for example, have the same thickness as a single one, but the contrast would be about twice as high.
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Which specimens are best suited for AVEC-DIC microscopy? Certainly not stained material or other objects, which already have high contrast. Specimens that are extremely weak in contrast or even invisible by conventional microscopy would be best suited. In this class fall micelles, liposomes and single or double-layer membraneous material, colloids (Kachar et al. 1984) , cytoplasmic and other small vesicles (Allen et al. 1982) , artificial latex particles of 70 nm and smaller (our unpublished observations), and cytoskeletal elements such as microtubules (Allen et al. 1983 (Allen et al. , 1985a ) and actin bundles (Allen & Allen, 1982; Kachar, 1985) . The AVEC-POL technique will also visualize very weakly birefringent objects such as individual microtubules (Allen et al. 19816; Hard & Allen, 1985; Allen, 1985) . When applied to bright-field microscopy, the VEC technique visualizes 5-20 nm diameter colloidal gold particles as are at present used in immunoelectron mi croscopy (De Brabander et al. 1986 ).
CELLULAR SYSTEMS STUDIED WITH AVEC-DIC MICROSCOPY
The new technique was rapidly applied by Allen, his collaborators and others to various cellular systems to study the role of microtubules in intracellular motility. It turned out that the lamellipodia of Foraminifera such as Allogromia were excellently suited for visualization of fine strands corresponding to microtubules or microtubule bundles along which particles were transported bidirectionally, and which them selves underwent very vigorous lateral and axial movements (Travis et al. 1983) (Fig. 3) . These movements indicated for the first time a much more active role of microtubules in cytoplasmic transport and challenged the prevailing view that they were passive 'skeletal' elements.
A series of studies using cultured frog keratocytes conclusively demonstrated the role of microtubules in organelle transport within animal cells (Hayden et al. 1983; Hayden & Allen, 1984) . Hayden & Allen showed that the filaments along which transport occurs were indeed microtubules, by applying VIM to visualize anti tubulin antibody fluorescence and AVEC-DIC to show organelle movement on the same filament (Hayden et al. 1983 ). Furthermore, it was possible for the first time to prove that a single microtubule (later identified electron-microscopically) could transport organelles in both directions (Hayden & Allen, 1984) . This bidirectionality (as it turned out later) seems to be a general feature of microtubule-based motility (Allen et al. 1983 (Allen et al. , 1985a Koonce & Schliwa, 1985; Schnapp et al. 1985; Koonce et al. 1986 ).
More recently, the A VEC technique was applied to axons in which microtubules were thought to generate axonal transport of organelles. Although microtubules are too closely packed to be imaged individually (Allen et al. 1985a; Weiss & Gross, 1983) , a fine analysis of particle movements yielded valuable information on the arrangement of microtubules and their interaction with organelles (Weiss, 1985; Keller et al. 1985; Lynn et al. 1986 ). The true role of microtubules in axoplasmic transport was verified with the development of a cell-free transport system, namely, the axoplasm of the squid giant axon. A good review of what can be seen by his new method in the living cell is given by Allen (1985) .
MICROTUBULE MOTILITY IN DISSOCIATED SQUID AXOPLASM
The transport of organelles in axons has for many years been regarded as a typical example of microtubule-based intracellular motility, although the exact mechanism of force generation was disputed (for review, see Grafstein & Forman, 1980; Weiss & Gross, 1982 . T w o types of concepts were suggested. One invokes direct action of force-generating enzymes on the organelles to be transported, linking them to microtubules (see Weiss & Allen, 1985; Weiss, 1986 , for review). The other concept suggests that microtubule-associated force-generating enzymes act nonspecifically upon their environment, thus producing microstreams along the surface of microtubules that could carry the materials to be transported (Gross, 1975; Weiss & Gross, 1982) . One prediction of the latter hypothesis was the following: since microtubules have to absorb the recoil of the force-generation process that is supposed to be attached to them, a reactive force would be expected that would move the microtubules in the direction opposite to the main direction of organelle transport. This should occur only if microtubules were freed from the cytoskeleton (Weiss & Gross, 1982 . R. D . Allen and his collaborators were the first to study organelle movement in intact axons or in extruded axoplasm from squid. Together with Ray Lasek, Scott Brady and Susan Gilbert, Allen found that all organelles known from electron microscopy could be detected by video microscopy (Allen et al. 1982; Brady et al. 1982) and that individual filaments, probably single microtubules, did support transport in both directions (Allen et al. 1983) . Biochemical studies by Ron Vale and Michael Sheetz, who were introduced by Allen to this preparation and, sim ultaneously, by Brady and Lasek , ruled out the possible in volvement of actin/myosin in force generation (cf. Clapp, 1986 ).
These studies made it possible to test directly the hypothesis of whether micro tubules would themselves move. In collaboration with R. D . Allen during the upper cover glass inverted microscope 1 AVEC-DIC frame width 25ym Fig. 4 . M icroscopy of the extruded axoplasm of the squid giant axon. T h e axoplasm cylinder is sandwiched between two cover glasses in a buffer developed by R. Lasek & S. Brady, which is com posed of most of the soluble low molecular weight constituents of the axoplasm. Organelle movement in the interior (1) of the gel-like axoplasm is not different from the movement in intact axons. Here, the microtubules are usually not imaged individually because they are so densely packed that their diffraction images (Fig. 2) are overlapping. G ood observation of individual microtubules is, however, possible at the surface of the axoplasm (2) where the parallel alignment is disturbed. Organelle transport is especially detectable where filaments protrude from the axon surface (3). Here the particles move along the microtubules, and after being released at the ends they disappear in Brownian motion. Some microtubules are found separate from the axoplasm and transport particles that settle onto them out of Brownian motion (4). These native microtubules are usually long and often form tangles or loose knots, whose loops undergo lateral movements and changes of diameter. Short microtubule segments originate in small numbers from the axoplasm surface and have been observed to glide away for up to several hundred urn. This can be observed more easily if the native microtubules are gently sheared into shorter pieces. summers of 1984 and 1985, we were able to produce routinely preparations of active axoplasm extruded from squid giant axons that contained single filaments capable of supporting ATP-dependent bidirectional transport for many hours (Fig. 4) . Electron microscopy of these preparations verified that the filaments of the observed length and straightness were indeed microtubules (Fig. 5 ), which were never ar ranged in pairs or bundles but always singly (Allen et al. 1985a) . The same finding was also made by Schnapp et al. (1985) . These results made it clear that this was another microtubule-based motile system characterized by bidirectional movements along individual microtubules.
The properties of organelle movement on native microtubules are summarized in Table 2 . A number of these findings have been reported similarly by Vale et al. (1985a) , although there are several discrepancies, such as their finding that the transport of large organelles is size-independent (cf. 
19856).
A remarkable and unexpected finding from these experiments was that careful homogenization of extruded axoplasm resulted in microtubule segments that could be observed to glide when near a surface (Fig. 6) . The question of whether they would also move axially in the free medium remains unsolved, since the depth of focus in AVEC-DIC microscopy is less than 1 /mi. The microtubules, which are many {im long, therefore cannot be kept in focus because they are subject to rapid Organelle transport is ATP-dependent. A reduction in A TP concentration causes a reversible reduction in transport velocity. Vrrax is 1 -2 jtims-1 depending on the preparation 2
Free particles that collide with nMTs* can attach to them anywhere along their length 3
Large organelles can detach anywhere, but small vesicles detach mainly at the end 4
The number of particles transported correlates with the number in suspension 5
In fresh preparations, transport is mainly unidirectional (anterograde) 6
In older preparations, an increasing number of large particles move also in the retrograde direction 7
Particles can overtake one another or pass in opposite directions, yet very seldom collide or interact 8
The velocity of retrograde organelles is inversely proportional to size, while the velocity of particles in the anterograde direction is independent of size 9
Latex beads (320 nm) are transported at similar velocities to that of organelles of comparable size 10
Taxol (30 (i m ) has no detectable influence on particle transport 11
Particles can transfer from one of two intersecting nMTs to the other 12
One particle can be attached to and move along two nMTs, acting to deform or bend one or both nM T s 13
The force of attachment of particles to M Ts is sufficient to deform a M T elastically. When the attachment breaks, the M T rebounds *n M T s, native microtubules. Reducing the A TP concentration reduces the speed of gliding from V"ax = 0-7 ¡im s-1 to a few nm s-1 , but does not affect the behaviour of gliding nMTs 5
The velocity of gliding is independent of the length of the nM T segment 6 nM T segments glide, usually, in a straight path, and do not noticeably roll either to the right or left while gliding 7
Gliding of nM T segments proceeds in the direction that would correspond to retrograde in the intact neurone, i.e. towards their ( -)end 8
Gliding velocity of a M T is linearly correlated with but not equal to the speed at which it transports particles in the anterograde, but not in the retrograde, direction 9
Since taxol (30 fiM ) has no effect, assembly and/or disassembly do not seem to be required for gliding 10 Gliding nMTs do not interact when they cross paths 11
When the forward progress of a gliding nM T is blocked by an obstacle, it 'fishtails' slowly from side to side through a series of serpentine shapes
12
Gliding nMTs occasionally follow a path determined by their own curved contour 13 nM Ts bent into ring or C shapes rotate slowly near the glass surface 14 Small organelles sometimes fail to leave the frontal ( -)end of gliding nMTs and remain there *n M T s, native microtubules. Table 1 and using the Photonic M icroscope System, the recorded images were subjected to further digital image processing. This included digital filtering, edge enhancement, contrast enhancement and shading correction steps, which were performed with the S IG N U M image processing system (S IG N U M G m bH , München, F R G ). T h e image was photographed off-screen using a Ronchi ruling to reduce the video scan lines. Note that some of the particles depicted are firmly attached to the glass surface while others are in Brownian motion. This movement is therefore within the first / .im above the glass surface. Some shading is caused by large particles undergoing Brownian motion in a slightly out-of-focus plane. X3000; width, 2 0 /im.
Brownian motion. Assuming that the asymmetry of velocity and direction in trans port of large and small organelles that we observed was the same on free microtubules as in the intact axon, we were able to predict that the direction of gliding was towards the ( -)end, i.e. retrograde (Allen et al. 1985a) . This was shown simultaneously by Vale et al. (1985c) . The whole repertoire of motility events associated with gliding microtubules is summarized in Table 3 . Meanwhile, several groups have used this preparation to purify proteins that are thought to be involved in force generation (Brady, 1985; Vale et al. 1985c?; Hollenbeck & Bray, 1985) . Similar microtubule-based movements and proteins have subsequently also been found in other systems, such as the sea-urchin egg (Scholey et al. 1985; Pryor et al. 1986 ).
The mechanism of force generation remains unsolved. Although the gliding of micro tubules was predicted by the microstream hypothesis, there are other findings that indicate the involvement of a crossbridge-type mechanism (Lasek & Brady, 1985; Miller & Lasek, 1985; Langford et al. 1986) . Allen et al. (1985a,b) concluded that the motive force for both anterograde and retrograde axonal transport resides with the native microtubule, which, when isolated, exhibits both bidirectional particle transport and gliding. Since gliding occurs in the complete absence of particle transport, the mechanism was suggested to be free-running. The bidirec tionality was suggested to be caused by an elliptical stroke of the force-generating enzyme, an ATPase that imparts some force in both directions (Allen et al. 1985a,b ). Yet another hypothesis has been put forward, which suggests that a soluble protein is the force-generating protein for anterograde movement when it is associated with vesicles, or for gliding when it is bound to the glass surface; in this hypothesis retrograde transport is attributed to another, as yet uncharacterized, protein (Vale et al. 1985J) . It seems to be necessary to wait until the identification and charac terization of these proteins is definitely established before serious models of the kind of mechanisms involved in these multi-faceted microtubule-associated movements can be produced.
CONCLUSION
It was my intention to show that AVEC-DIC microscopy is a most powerful tool in the field of cell motility and the cytoskeleton, which will find application in the near future to the study of cytoskeletal elements in a wide variety of cellular systems (Bray, 1985; Hollenbeck, 1985 Hollenbeck, , 1986 . It has fundamentally changed our views of the nature of the cytoskeleton. It is no longer possible to consider microtubules to be merely static 'structural' elements of the cytoskeleton. Rather, seen in the light of the new microscopy, native microtubules are now realized as being dynamic mechanochemical units capable of generating the movement of organelles and of themselves.
The development of AVEC-DIC microscopy and its application to a most suitable system, the microtubules of squid giant axons, were just two contributions to cell biology for which we are greatly indebted to Robert D. Allen. He must have felt that these contributions marked a major breakthrough in cell motility when he presented, for the first time, our video tapes of gliding microtubules at the Cell Biology and Cell Motility Meetings at Tokyo and Nagoya in September 1984:
" In the meantime, we wonder whether we might have stumbled upon the longsought force-generating system used in mitosis, meiosis, syngamy, and other MT-related motility and transport processes. It is too early to speculate in detail how such a force-generating system could be organized, but our present finding provides considerable leeway for testable hypotheses regarding mitotic mechanisms based on the particular form of M T gliding that we have discovered. Meanwhile, we already have a new concrete model system for exploring the basis for a previously unknown and unexpected motility process of possible widespread importance in cell biology." (Allen & Weiss, 1985) .
